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EXPERIMENTAL STUDIES ON THE FORMATION OF LUNAR SURFACE 

FEATURES BY GAS EMISSION--A PREXIMINARY REPORT 

by 
S. A. Schunun 

INTRODUCTION 

Many f e a t u r e s  of t he  lunar  su r face  are c l e a r l y  of endogenetic 

or ig in .  Among these ,  the  sinuous r i l l e  is  of p a r t i c u l a r  i n t e r e s t .  

S t r a i g h t  r i l les  resemble g r a b e n - - t e r r e s t r i a l  geologic  fea tures - -  

bu t  sinuous r i l l es  are not  q u i t e  l i k e  any descr ibed f e a t u r e  of 

the E a r t h ' s  surface.  I n  the  absence of a n  ind isputab le  terres- 

t r i a l  analog whose o r i g i n  is understood, t he  problem of how sinuous 

r i l l es  form has prompted numerous d i v e r s e  theo r i e s  (e .g . ,  Cameron, 

1964; Quaide, 1965, Kuiper, Strom, and Le Poole,  1966) bu t  remains 

unresolved. 

The search  f o r  answers t o  t h i s  problem has only l a t e l y  been 

taken up i n  the  laboratory.  This  r e p o r t  desc r ibes  a series of 

experiments p r imar i ly  aimed a t  demonstrating t h a t  some lunar  s inu-  

ous r i l les  could have formed as a r e s u l t  of f l u i d i z a t i o n  of loose 

s u r f i c i a l  materials by gases  vented from lunar  c r u s t a l  f r a c t u r e s .  

The work was performed a t  the  Engineering Research Center of Colo- 

rado S t a t e  Univers i ty  i n  F o r t  C o l l i n s ,  as p a r t  of the  U.S. Geologi- 

ca l  Survey 's  program of lunar  i nves t iga t ions  sponsored by the  Na-  

t i o n a l  Aeronautics and Space Adminis t ra t ion,  under Contract  No. R-66. 

EQUIPMENT AND PROCEDURES 

Procedures va r i ed  f o r  each series of experiments;  the d e t a i l s  

of each are descr ibed  wi th  the  r e s u l t s .  

were performed i n  the  Department of Physiology and Biophysics 

hypo-hyperbaric chamber a t  both 8 nun of p re s su re  and normal at- 

mospheric pressure.  As  t he  r e s u l t s  were no t  s i g n i f i c a n t l y  d i f -  

f e r e n t ,  subsequent experiments ( t h o s e  descr ibed  i n  t h i s  repor t )  

were conducted a t  normal atmospheric pressure.  

A flume 2.4 meters long, 30 c m  wide, and 27 c m  deep w a s  

Prel iminary experiments 
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cons t ruc t ed ,  and a trough ( a i r  chamber) 5 c m  wide and 2.5 c m  deep 

was  b u i l t  i n t o  the  f l o o r  of the  flume. One end of t he  trough w a s  

completely sea led ;  a t  the  o the r  end a ven t  was c u t  t o  permit  e n t r y  

of compressed air. The trough w a s  roofed wi th  a s t r i p  of masonite. 

Holes and s l o t s  of d i f f e r e n t  s i z e s  were c u t  i n  t h i s  roof t o  form 

var ious  p a t t e r n s  of vents .  

p a r t s  very  f i n e  sand, and 1 p a r t  200-mesh marble d u s t  was  poured 

i n t o  the  flume, covering the  a i r  chamber wi th  a l aye r  of pre- 

determined thickness.  The cohesion imparted by the  marble d u s t  

permit ted s t e e p  w a l l s  and r i m s  t o  form b u t  d id  no t  prevent  f l u i d -  

i z a t i o n  of the  material. 

A mixture of 2 p a r t s  medium sand, 2 

When us ing  granular  materials i n  a model s tudy ,  it i s  f r e -  

quent ly  no t  poss ib l e  t o  scale down the  s i z e  of the  material t o  

t h a t  which is  dimensional ly  c o r r e c t  f o r  r e p l i c a t i o n  of the proto-  

type because such f i n e  material i s  very  cohesive. 

g inee r s  o f t e n  u t i l i z e  sediment obtained from the channel of the  

river t h a t  is t o  be modeled wi th  the r e a l i z a t i o n  t h a t  the  model 

w i l l  no t  be dimensional ly  co r rec t .  The model, t he re fo re ,  is con- 

s idered  t o  be a small stream from which d a t a  can be obtained t h a t  

may apply t o  the  prototype.  

Hydraulic en- 

The a p p l i c a t i o n  of t he  experimental  

r e s u l t s  repor ted  h e r e i n  t o  lunar  problems is  based on the  same 

assumption; t h a t  i s ,  the very  small f e a t u r e s  developed dur ing  

these  experiments may have formed i n  a manner similar t o  l a r g e r  

lunar  f e a t u r e s  t h a t  they resemble. 

The f low of compressed a i r  e n t e r i n g  the  gas chamber w a s  reg- 

u l a t e d  by a valve, and a p res su re  gage and flow meter were con- 

nected t o  the  p ipe  through which compressed air moved i n t o  the  

flume. During these  experiments,  t he  flow meter was  no t  used be- 

cause numerous s m a l l  leaks occurred a long  the  s i d e s  of the  flume. 

The leaks ,  a l though prevent ing c o l l e c t i o n  of meaningful d a t a  on 

flow rates, d i d  no t  i n t e r f e r e  wi th  development of t he  experimental  

f ea tu re s .  Compressed a i r  w a s  re leased  from a high-pressure l i n e  

i n t o  the  gas chamber a t  pressures  ranging from 20 t o  60 p s i ,  b u t ,  

as the  valve w a s  opened ve ry  slowly, during each experiment,  
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vent ing  of gas through the  granular  material occurred a t  much 

lower pressures .  Therefore ,  i t  i s  not  poss ib l e  t o  relate the  

morphology of the  f e a t u r e s  t h a t  developed i n  the  granular  mate- 

r i a l  t o  gas pressure  o r  flow rate. 

EXPERIMENTAL SERIES 1 

The purpose of t he  f i r s t  s e r i e s  of experiments w a s  t o  de t e r -  

mine how v a r i a t i o n s  i n  the thickness  of materials would a f f e c t  

the  morphology of the  f e a t u r e s  produced. The sand and d u s t  m i x -  

t u r e  w a s  poured i n t o  the flume, and a i r  was  forced i n t o  the  mate- 

r ia l  through a 1.6 mm c i r c u l a r  vent  c u t  i n t o  the  a i r  chamber roof.  

I n  the  f i r s t  experiment,  a 1.3 cm layer  w a s  used. The thickness  

of the  layer  w a s  increased each t i m e  by e i t h e r  1.3 o r  2.5 cm, so 

t h a t  i n  the  seventh experiment t he  l aye r  w a s  12.7 c m  thick.  

The f i r s t  t h ree  experiments,  i n  which l aye r s  1.3, 2.5, and 

3 . 8  cm th i ck  were used, produced s teep-sided explosion c r a t e r s ,  

shaped l i k e  inverted cones. A s  thickness  w a s  increased,  c r a t e r  

depths and diameters a l s o  increased,  a t  a s teady  rate ( f i g .  1). 

Beginning with the  fou r th  experiment, however, the  r e l a t i o n s h i p s  

of thickness  t o  c r a t e r  depths  and diameters changed markedly ( f i g ,  

1): depths  decreased t o  2.5 cm and remained there ,  and the  rate 

of increase  of c r a t e r  diameters  diminished. A s  a r e s u l t ,  c r a t e r  

morphologies changed. Experiments 4 through 7 produced r e l a t i v e -  

l y  wide, shallow, f l a t - f l o o r e d  c r a t e r s ,  i n  c o n t r a s t  wi th  the  

s teep-sided c r a t e r s  of experiments 1 through 3. I n  l aye r s  thick-  

er than 3 . 8  cm, the  volume of e j ec t ed  material w a s  similar t o  

t h a t  i n  the  3 . 8  cm l aye r ,  bu t  the  ma te r i a l  remaining i n  the  cra- 

ters became f l u i d i z e d  and tended t o  spread out  r a t h e r  than t o  

form the  s t eep  w a l l s  t h a t  charac te r ized  c r a t e r s  i n  the  th ree  

th inner  layers .  

To summarize, craters were formed by explosion i n  t h i n  l aye r s ,  

and by a combination of explosion and f l u i d i z a t i o n  i n  th i cke r  

layers .  Therefore ,  these  r e s u l t s  suggest  t h a t  pneumatic crater- 

forming processes  are influenced by the  thickness  of the  materials 
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i n  which they opera te ,  and t h a t  craters of the  same age formed 

i n  materials of d i f f e r e n t  th ickness  may d i s p l a y  s i g n i f i c a n t  mor- 

phologica l  d i f f e rences .  

EXPERIMENTAL SERIES 2 

The second series comprised f i v e  experiments t o  determine 

the  effects of vent  shape and thickness  of materials on crater 

morphology. F i r s t ,  the  roof of the a i r  chamber was vented by a 

l i n e  of 1.6 mm holes  a t  2.5 c m  i n t e r v a l s ,  which were covered 

wi th  a 1 . 3  c m  l a y e r  of the sand and d u s t  mixture. A i r  w a s  re- 

leased slowly i n t o  the  chamber u n t i l  a series of funnel-shaped 

explos ion  craters had formed over a l l  b u t  one of the  vents  ( f i g .  

2a).  

This  procedure w a s  repeated using a 2.5 e m  t h i c k  l aye r  of 

material; t h i s  t i m e ,  both explos ion  and f l u i d i z a t i o n  craters 

formed ( f i g .  2b). Most of these  craters were markedly less cir- 

c u l a r  than the ones formed i n  the  preceding experiment. Many 

were roughly square i n  o u t l i n e  and were separa ted  from ad jacen t  

craters by nea r ly  s t r a i g h t  w a l l s .  These depar tures  from c i r cu -  

l a r i t y  were due t o  mutual i n t e r f e rence  dur ing  development of ad- 

j a c e n t  craters . 
For the  t h i r d  experiment,  a 3 .8  c m  t h i c k  l aye r  w a s  used. 

The same procedure w a s  followed, and t h i s  t i m e  t he  craters t h a t  

formed were a l l  of the  f l u i d i z a t i o n  type ( f i g .  2c).  

commonly coalesced t o  form l a r g e  e l l i p s o i d a l  craters wi th  low 

c e n t r a l  r i dges  t ransverse  t o  the  major crater axes. Adjacent 

craters t h a t  had no t  coalesced were separa ted  from each o t h e r  by 

a s t r a i g h t  r i m ,  as i n  the preceding experiment. Where one ven t  

w a s  more active than i t s  neighbor,  the s t r a i g h t  r i m  w a s  d i sp laced  

toward the  less active one. 

Crater p a i r s  

The f o u r t h  experiment involved a change i n  the  ven t  p a t t e r n  

of t he  a i r  chamber roof.  

p a i r  of holes  ( i .e. ,  2d and 3d, 4 t h  and 5 t h ,  etc.) so t h a t  a l i n e  

of 2.5 c m  long s l o t s  each 2.5 c m  a p a r t  w a s  produced. 

S l o t s  were c u t  connect ing every  o the r  

A 1.3 c m  

5 



Figure  2.--Craters formed dur ing  experimental  series 2. 

a. C i r c u l a r  vents  1.6 nun diameter ,  2.5 c m  a p a r t ,  l aye r  1.3 

c m  th i ck ;  a l l  explos ion  craters. A i r  chamber roof exposed 

i n  most c r a t e r s .  (Small  crater a t  lower l e f t  was  formed by 

a i r  l eak  a t  edge of chamber. 

b. Vents same as i n  a ,  l aye r  2.5 c m  th i ck ;  some explosion cra- 

ters, some f l u i d i z a t i o n  craters. 

c. Vents same as i n  a and b y  l aye r  3 . 8  c m  t h i ck ;  a l l  f l u i d i z a -  

t i o n  craters, several crater p a i r s  coa lesc ing ,  separa ted  by 

low s t r a i g h t  septum. 

d. S l o t  vents  1.6 mm wide, 2.5 c m  long, 2.5 c m  a p a r t ,  l aye r  

1.3 c m  t h i ck ,  e l l i p t i c a l  craters. 

e. Vents same as i n  d ,  l aye r  ranged i n  depth from 5 c m  a t  l e f t  

t o  7 nun a t  r i g h t ;  explosion craters formed i n  t h i n  material, 

f l u i d i z a t i o n  trough formed i n  t h i c k  material. Deepest cra- 

ter formed a t  head of f l u i d i z a t i o n  trough (extreme l e f t ) .  

6 



7 



th ickness  of sand and d u s t  w a s  l a i d  down and the  procedure of the  

t h r e e  preceding experiments w a s  repeated.  Under these  condi t ions ,  

a series of e l l i p t i c a l  craters formed ( f i g .  2d). 

The f i n a l  experiment of the  series w a s  se t  up t o  i n v e s t i g a t e  

what s o r t  of craters would form i f  a i r  was vented through the  

s l o t t e d  roof i n t o  a l aye r  of g rada t iona l  ( r a t h e r  than uniform) 

thickness .  Accordingly, the  materials were l a i d  down so  t h a t  

they sloped from a th ickness  of 5 c m  a t  one end t o  7 mm a t  the  

o the r  end. The c r a t e r s  produced on t h i s  s lop ing  su r face  are 

shown i n  f i g u r e  2e. E l l i p t i c a l  explos ion  craters formed a t  the  

shallow end. Craters increased i n  s i z e  toward the  t h i c k  end, 
and i n  the  t h i c k e s t  material, a t  the  l e f t  end, a f l u i d i z a t i o n  

trough formed owing t o  coalescence of four  craters. The l e f t  

end of t h i s  trough is  deepes t  because some f l u i d i z e d  material 

flowed downslope ( r i g h t )  toward the lower craters. 

These experiments demonstrated t h a t  where the th ickness  of 

materials reaches a c r i t i c a l  va lue ,  craters t h a t  form over c lose-  

l y  spaced vents  i n  the  materials w i l l  coa lesce  and, i f  the  ven t  

shape is  l i n e a r ,  w i l l  form a channel - l ike  depress ion  i n  which ma- 

ter ia l  w i l l  move downslope. 

EXPERIMENTAL SERIES 3 

The purpose of the  t h i r d  series of experiments,  f i v e  i n  a l l ,  

w a s  t o  f u r t h e r  i n v e s t i g a t e  the  development of a f l u i d i z a t i o n  

trough, such as had been produced i n  the  preceding experiment. 

I n  each of the f i r s t  t h ree  experiments of t h i s  series, a l a y e r  

of material, wedge-shaped i n  p r o f i l e ,  w a s  emplaced over a s t r a i g h t  

l i n e  of 1.6 mm c i r c u l a r  ven t s  spaced 2.5 cm apa r t .  The range i n  

thickness  of the material w a s  as fol lows ( l e f t  t o  r i g h t  i n  f i g .  

3) : 

2.5 c m  t o  7 mm--1st expt . ,  f i g .  3a 

3.8 c m  t o  7 mm--2d expt.  f i g .  3b 

5.0 c m  t o  7 mm--3d expt . ,  f i g .  3c 

Compressed a i r  w a s  re leased  i n t o  the  material, as i n  series 2. 

The r e s u l t s  were comparable t o  those obtained before .  Explosion 
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craters formed i n  the  th innes t  material, whereas f l u i d i z a t i o n  c ra-  

ters formed i n  the  moderately t h i c k  and t h i c k e s t  material. I n  the  

lat ter,  they coalesced t o  form a l i n e a r  trough, which was  deepes t  

at i t s  head ( f i g .  3c), Of p a r t i c u l a r  i n t e r e s t  was the  grada t ion  

i n  he ight  of t he  p a i r  of p a r a l l e l  l i n e a r  rims, o r  levees ,  t h a t  

bounded both s i d e s  of t h i s  trough. They w e r e  ve ry  low a t  t h e  head 

of the  trough bu t  gradual ly  increased i n  he igh t  downslope and w e r e  

h ighes t  a t  a point: a l i t t l e  more than ha l f  t he  d i s t ance  from the  

l e f t  end t o  the  r igh t .  This progressive bui ldup of r i m  material 

suggests  t h a t  as material migrated downslope toward the  lower c ra-  

ters it was a l s o  being e j ec t ed  from the trough. 

The last two experiments of t h i s  series were set up t o  simu- 

late the  e f f e c t s  t h a t  gases  would produce i f  vented along a f r ac -  

t u r e  a t  the base of a f a u l t  scarp.  A 1.3 cm l aye r  of material 

w a s  l a i d  down, and a board w a s  set v e r t i c a l l y  i n  i t ,  adjacent  t o  

the  row of 1.6 mm c i r c u l a r  vents .  This t i m e ,  the  release of com- 

pressed a i r  produced a l i n e  of semic i rcu lar  craters ( f i g .  3d). 

This procedure w a s  repeated using a 2.5 c m  l aye r  of material, and 

some of t he  semic i rcu lar  craters t h a t  formed t h i s  t i m e  coalesced 

i n t o  la rge ,  s e m i - e l l i p t i c a l  craters ( f i g .  3e). 

EXPERDENTAL SERIES 4 
The next  series of experiments u t i l i z e d  s lot-shaped,  r a t h e r  

than c i r c u l a r ,  vents  and was designed t o  f u r t h e r  i n v e s t i g a t e  the  

e f f e c t s  of vent  shape and thickness  of material on c r a t e r  morph- 

ology. Four 1.6 mm wide s l o t s  spaced 2.5 c m  a p a r t  were c u t  i n  the  

a i r  chamber roof along a s t r a i g h t  l i n e  through the  c i r c u l a r  vents  

of experiment 3. From l e f t  t o  r i g h t ,  t h e i r  lengths  were as f o l -  

lows: 15 cm, 20 cm,  2.5 cm, and 15 cm. 

A 1.3 cm thickness  of material was  l a i d  down, and a i r  w a s  

vented ve ry  slowly i n t o  it. Four e longate  troughs formed ( f i g .  

4a) ; sca l loped  edges r e f l e c t e d  i r r e g u l a r i t i e s  i n  rate of a i r f low,  

e s p e c i a l l y  a t  the  p o s i t i o n  of c i r c u l a r  vents  now connected by the  

s l o t s .  This procedure, repeated wi th  a 3.8 c m  thickness  of mate- 

r ia l ,  produced a series of wider troughs t h a t  nea r ly  coalesced 

t o  form one long trough ( f i g .  4b). 
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Figure  3.--Craters and troughs formed dur ing  experimental  series 

3. Vents are c i r c u l a r ,  1.6 mm diameter ,  2.5 c m  a p a r t  i n  a 

s t r a i g h t  l i ne .  

a. Layer ranged i n  th ickness  from 2.5 c m  a t  l e f t  t o  7 mm a t  

r i g h t ;  mostly explosion craters , some f l u i d i z a t i o n  c r a t e r s  

i n  t h i c k  material a t  l e f t .  

b. Layer ranged i n  thickness  from 3 .8  c m  a t  l e f t  t o  7 mm a t  

r i g h t ;  explosion craters i n  t h i n  material a t  r i g h t ,  f l u i d -  

i z a t i o n  trough i n  t h i c k  material a t  left .  

c. Layer ranged i n  thickness  from 5 c m  a t  l e f t  t o  7 mm a t  

r i g h t ;  f l u i d i z e d  material migrated down trough from l e f t  

t o  r i g h t  and deepes t  crater a t  head of trough had only a 

very  low r i m .  

d. and e. Vertical board placed ad jacen t  t o  same row of ven t s ;  

d - - layer  1.3 cm th i ck ;  e - - layer  2.5 c m  t h i ck ;  s emic i r cu la r  

craters formed adjacent  t o  board and some coalesced i n  (e) 

t o  form s e m i - e l l i p t i c a l  craters. 
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Figure 4.--Troughs formed i n  experimental  series 4. Vents i n  a 

and b were 1 . 6  mm wide s l o t s  i n  a s t r a i g h t  l i n e ,  2.5 c m  apar t .  

S l o t  l engths ,  from l e f t  t o  r i g h t  were 15 c m ,  20 c m ,  2.5 c m ,  

and 15 cm. 

a. Layer 1.3 cm th i ck ,  troughs showed p a t t e r n  of ven t  s l o t s .  

I r r e g u l a r  margins of troughs caused by i r r e g u l a r  vent ing  

of gas. 

b. Layer 3.8 c m  th i ck ;  wider troughs formed which almost co- 

alesce. 

c. and d. Development of trough above s i n g l e  0 .6  meter-long 

s l o t  i n  wedge-shaped l aye r  which ranged i n  thickness  from 

6.4 c m  a t  l e f t  t o  1 crn a t  r igh t .  I n i t i a l  breakout  occurred 

i n  t h i s  case a t  both ends s imultaneously,  and two troughs 

grew by lateral  e ros ion  (c) u n t i l  they coalesced;  f l u i d i z e d  

material then moved downslope from the  wide end a t  lef t  

and almost f i l l e d  the  narrow end a t  r i g h t  (a) .  

12 



13 



The next  s t e p  w a s  t o  change the  ven t  p a t t e r n  from a series 

of s l o t s  of d i f f e r e n t  lengths  t o  one long (0.6 m) s l o t .  I n  o rde r  

t o  avoid formation of i r r e g u l a r  margins ( f i g .  4a ,  b) the  roof of 

the  a i r  chamber w a s  replaced and a smooth s l o t  w a s  c u t  t o  permit  

e s s e n t i a l l y  uniform vent ing  of gas a long  the  length  of the  s l o t .  

A wedge-shaped l aye r  of material, 6.4 cm t h i c k  a t  one end and 1 

c m  a t  the  o t h e r ,  was l a i d  down over t h i s  ven t  and air  r e l eased  

i n t o  it. This procedure was  repeated several times; i n  a l l  b u t  

one in s t ance ,  a i r  f i r s t  broke the  s u r f a c e  a t  the  end where the  

material was  th innes t .  The l e f t  w a l l  of the  i n i t i a l  crater then  

migrated upslope u n t i l  a 0.6 m-long trough had formed over the  

vent.  I n  the one ins tance  t h a t  devia ted  from t h i s  sequence of 

development, vent ing  began s imultaneously a t  both ends ( f i g .  4c) , 
and subsequent la teral  migra t ion  of trough w a l l s  continued u n t i l  

t he  two troughs coalseced ( f i g .  4d). 

The r ight-hand h a l f  of the  trough i n  f i g u r e  4d is  e s s e n t i a l l y  

an explos ion  f e a t u r e ;  i t  i s  shal lower and has a lower r i m  than 

the lef t -hand ha l f .  The la t ter ,  which developed by f l u i d i z a t i o n  

r a t h e r  than explosion,  i s  bordered by r i m s  t h a t  p rog res s ive ly  rise 

i n  he igh t  toward the  r i g h t ,  owing t o  downslope migra t ion  of f l u i d -  

ized material from the  l e f t  end of t he  trough (compare wi th  t h i r d  

expt.  of series 3--f ig .  3c) .  When the  two troughs m e t  ( f i g .  4d ) ,  

much of the f l u i d i z e d  material from one ( t h e  l e f t )  flowed i n t o  

and almost f i l l e d  the  lower end of the  o the r  ( t h e  r i g h t ) .  

The photographs demonstrate t he  dependence of trough dimen- 

s ions  on thickness  of material. As i n  previous experiments,  down- 

s lope  migra t ion  of f l u i d i z e d  material produced a trough wi th  a 

deep up-slope end and a shal low terminus. 

EXPERIMENTAL SERIES 5 

The purpose of the  next  series of experiments w a s  t o  s imula te  

the e f f e c t s  t h a t  would be produced i n  loose material by vent ing  

gas through a sinuous f r a c t u r e .  Accordingly, a sinuous l i n e  of 

c l o s e l y  spaced 1 . 6  mm holes  w a s  d r i l l e d  i n t o  the  a i r  chamber 

roof. When a i r  w a s  vented i n t o  a 7 mm thickness  of material, a 
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l i n e  of t i n y  explos ion  craters formed t h a t  e x a c t l y  dup l i ca t ed  the  

arrangement of the  underlying ven t s  ( f i g .  5a). However, i n  a 

t h i c k e r  l a y e r  of material (2.5 cm) , ven t ing  produced a rimmed 

sinuous trough ( f i g .  5b ) ,  which w a s  much less angular  than the  

l i n e  of craters i n  the  th inne r  layer .  

Next, the  ven t s  were covered wi th  a wedge-shaped l a y e r ,  5 c m  

t h i c k  a t  one end and 7 mm a t  the  other .  Venting produced a s inu-  

ous channel wi th  a very  high r i m  a t  the  downslope end ( f i g .  5c). 

As i n  the  previous experiments wi th  material of g rada t iona l  thick-  

nes s ,  downslope movement and e j e c t i o n  of f l u i d i z e d  material pro- 

duced r i m s  t h a t  g radua l ly  rise i n  he ight  toward the  terminus of 

t he  trough. I n  a d d i t i o n ,  a well-defined c i r c u l a r  depress ion  

formed a t  the head of the trough. 

These r e s u l t s  suggest  two conclusions:  (1) Gas vented from 

sinuous f r a c t u r e s  can produce s inuous su r face  features,  and (2) 

the  t h i c k e r  the material over ly ing  the f r a c t u r e ,  the smoother t he  

bends of the trough t h a t  may form. 

EXPERIMENTAL SERIES 6 

The f i n a l  series of experiments was  devoted t o  i n v e s t i g a t i n g  

the e f f e c t s  of d i s c o n t i n u i t i e s  i n  vent  p a t t e r n s  on f e a t u r e s  pro- 

duced by vent ing  gas through several d i f f e r e n t  types of loose ma- 

terials. Vent p a t t e r n s  were designed wi th  a view toward simu- 

l a t i n g  the  o f f s e t  l i n e a r  and en echelon f r a c t u r e  p a t t e r n s  t h a t  

form by opera t ion  of n a t u r a l  geologic  processes .  

S i x  l i n e a r  s l o t s  were c u t  i n  the  a i r  chamber roof.  Figure 

6a g ives  a gene ra l  idea  of t he  lengths  and arrangement of the  

s l o t s ,  and the  i l l u s t r a t i o n  cap t ion  l ists  exac t  lengths  and o rde r  

o r  arrangement. The vents  were covered wi th  a 4.4 c m  l aye r ,  and 

compressed a i r  was  re leased  i n t o  the  material. The craters t h a t  

formed over the  two s h o r t  s l o t s  f a r t h e s t  t o  the  r i g h t  coalesced 

( f i g .  6a) ,  b u t  nothing resembling a s inuous channel formed, even 

dur ing  several r e i t e r a t i o n s  of t h i s  procedure. 

The procedures followed i n  the  next  experiments marked a 

depa r tu re  from those used earlier: l aye r s  of t h ree  d i f f e r e n t  
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Figure 5. --Sinuous troughs formed dur ing  experimental  series 5. 

a. Layer 7 mm t h i c k ,  t i n y  explos ive  craters showed angular pa t -  

t e r n  of 1.6 nun-diameter vents  used i n  t h i s  series ( a ,  b y  and 

c> - 
b. Layer 2.5 c m  t h i c k ;  trough p a t t e r n  w a s  sinuous r a t h e r  than 

angular  . 
c. Layer ranged i n  th ickness  from 5 c m  on the  l e f t  t o  7 mm on 

the  r i g h t ;  g e n t l y  curv ing  trough formed i n  t h i c k e r  material, 

and f l u i d i z e d  material flowed downs lope t o  r i g h t .  Deepest 

crater wi th  low r i m  was a t  upslope end, a t  l e f t ,  as i n  

o t h e r  flow experiments;  very  h igh  r i m  developed around cra- 

ter  a t  downslope end, a t  r i g h t ,  owing t o  e j e c t i o n  of mate- 

r i a l  flowing t o  t h i s  end of trough. Note formation of sev- 

eral  s m a l l  c r a t e r s  along axis of trough dur ing  f i n a l  s t a g e s  

of experiment as gas p res su re  dropped. 
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Figure 6.--Troughs formed above d iscont inuous ,  o f f s e t  ven t  s l o t s  

dur ing  experimental  series 6 .  S l o t  p a t t e r n ,  from l e f t  is 

1. 14 c m  s l o t  

2. 13 c m  s l o t ,  5 c m  no r th  of (above) f i r s t  s l o t ,  ends 

overlapped 2.5 c m  

3 .  17 cm s l o t  5 cm south  of (below) second s l o t ,  ends 

overlapped 2.5 c m  

Three 3.8 c m  s l o t s  en  echelon, no over lap  of ends, 

average s e p a r a t i o n  between s l o t s  w a s  1.3 cm.  

4. 

a. Depth of l a y e r  4.4 cm; troughs dup l i ca t ed  s l o t  p a t t e r n ,  bu t  

d i d  n o t  form sinuous trough. 

b y  c y  d. Sequence of events  i n  formation of sinuous trough 

wi th  same s l o t  p a t t e r n  bu t  wi th  a 1 . 3  c m  t h i c k  l a y e r  of 

pumice and g rave l  in te rposed  between vents  and 3 . 8  c m  

t h i c k  upper layer.  

e. Conditions same as i n  b y  c y  and d ,  bu t  flume t i l t e d  3" t o  

t he  r i g h t ;  f l u i d i z e d  material i n  sinuous trough moved down- 

s lope  producing deep crater a t  head (extreme l e f t )  deep 

trough i n  upper ( l e f t )  end, and shallow, p a r t l y - f i l l e d  

trough a t  lower ( r i g h t )  end. 
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materials were employed, i n  a d d i t i o n  t o  the  sand and d u s t  mixture. 

I n  earlier experiments,  preceding those descr ibed  i n  t h i s  r e p o r t ,  

a l aye r  of coarse  material had been emplaced over v e n t s ,  and t h i s  

i n  t u r n  w a s  covered wi th  the  sand and d u s t  mixture. 

of t h i s  procedure was  t o  s imula te  a zone of s h a t t e r e d  material 

a s soc ia t ed  wi th  a f a u l t  and t o  observe the  e f f e c t s  of d i s p e r s a l  

of gas through t h i s  zone. A series of crater c l u s t e r s  t h a t  d i d  

not  conform t o  the  ven t  p a t t e r n  w a s  produced as a r e s u l t .  

The purpose 

I n  o rde r  t o  f u r t h e r  explore  t h e  e f f e c t s  of gas d i s p e r s a l  

through a simulated zone of s h a t t e r e d  material, a s t r a i g h t  s l i t  

0.6 m long w a s  c u t  i n t o  the  a i r  chamber roof and covered wi th  a 

2.5 c m  t h i c k  l aye r  of 1-mm p l a s t i c  spheres ,  which i n  t u r n  w a s  

covered wi th  a 2 c m  l aye r  of the  sand and d u s t  mixture. 

persed through the l a y e r  of spheres  and formed the f l u i d i z a t i o n -  

c r a t e r  c l u s t e r s  shown i n  f i g u r e  7a. 

Gas d i s -  

I n  another  experiment,  the  same ven t  w a s  covered wi th  a 1.3 

c m  l a y e r  of 5-mm pumice fragments,  which i n  t u r n  w a s  covered wi th  

a 1.3 c m  l aye r  of 3-mm grave l  and a 1.3 c m  l aye r  of the  sand and 

d u s t  mixture. D i spe r sa l  of gas through the  l aye r s  of coarse  ma- 

terial  aga in  produced f l u i d i z a t i o n - c r a t e r  c l u s t e r s  and i s o l a t e d  

explosion craters t h a t  d id  no t  conform t o  the  ven t  p a t t e r n  ( f i g .  

7b). 

Next, the  a i r  chamber roo f ,  vented as i n  the  f i r s t  experiment 

of t h i s  series ( f i g .  6a) , was  covered wi th  a 1.3  cm l aye r  of the 

pumice and g rave l  and, over t h a t ,  a 3.8 c m  l a y e r  of the  sand and 

d u s t  mixture. The sequence of events  t h a t  took p l ace  upon re- 

lease of compressed a i r  is shown i n  f i g u r e s  6b and 6e. F i r s t  

( f i g .  6b) , f l u i d i z a t i o n - c r a t e r  c l u s t e r s  formed i n  a p a t t e r n  s i m i -  

lar t o  t h a t  of t he  vents .  These then coalesced t o  form f l u i d i z a -  

t i o n  throughs wi th  i r r e g u l a r  margins and r i m s  t h a t  va r i ed  i n  

he ight  ( f i g .  6c). With f u r t h e r  enlargement,  t he  troughs coalesced 

i n t o  two long i r r e g u l a r  troughs ( f i g .  6d). However, i t  w a s  no t  

u n t i l  the  flume w a s  t i l t e d  3" t o  t he  r i g h t  t h a t  f l u i d i z e d  material 

moved downslope and a continuous s inuous channel formed, deep 
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Figure  7.--Crater  c l u s t e r s  formed i n  experimental  series 6 over 

a s t r a i g h t  vent .  

a. Layer of 1-mm p l a s t i c  spheres ,  2.5 c m  t h i c k ,  in te rposed  

between s l o t  and 2 cm-thick upper l aye r ;  d i s p e r s i o n  of gas 

through spheres  produced c l u s t e r s  of f l u i d i z e d  craters. 

b. Layer of 5-mm pumice fragments 1 . 3  c m  t h i c k ,  o v e r l a i n  by 

1 . 3  c m  l a y e r  of 3-mm grave l ,  covered by l aye r  of f i n e  sand 

and d u s t  1 . 3  c m  t h i ck ;  d i s p e r s i o n  of gas through l aye r s  

in te rposed  between s l o t  and upper l a y e r  produced c l u s t e r s  

of f l u i d i z a t i o n  craters and i s o l a t e d  explosion craters. 
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a t  one end and shal low a t  the  o the r  ( f i g .  6e). 

These r e s u l t s  sugges t  t h a t  when gas is r e l eased  from a group 

of discont inuous f r a c t u r e s  and then d i spe r ses  upward through a 

zone of s h a t t e r e d ,  coa r se  material, i t  can produce a continuous 

channel,  sinuous i n  form, i n  the f i n e r  material of a n  uppermost 

s u r f i c i a l  layer .  The f e a t u r e s  produced dur ing  t h i s  last exper i -  

ment are i n  several r e spec t s  similar t o  some lunar  s inuous r i l les.  

. CONCLUS IONS 

Gas emission can produce e i t h e r  explosion o r  f l u i d i z a t i o n  cra- 

ters i n  loose materials, depending upon the  na tu re  and th ickness  

of the  material. The su r face  forms produced i n  these  experiments 

resemble several types of small- t o  moderate-sized lunar  f ea tu res .  

Chains and c l u s t e r s  of lunar  craters, as w e l l  as p a r t s  of some 

sinuous r i l les ,  may w e l l  have formed as a r e s u l t  of f l u i d i z a t i o n  

of f ragmental  s u r f i c i a l  materials by gases  vented from f r a c t u r e s  

i n  the lunar  c rus t .  

Addi t iona l  experiments wi th  a v a r i e t y  of materials and ven t  

p a t t e r n s  should be conducted. Such experiments should be designed 

t o  provide d a t a  on f low rates and pressure  drops a s soc ia t ed  wi th  

crater formation. 
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